Klebsiellapneumoniae strains K I I and ~5 a 1 which differ greatly in their ability to produce slime had similar ratios of nitrogenase activity when grown on agar under atmospheres of nitrogen, air or oxygen. With both strains, the rate of acetylene reduction was not significantly different when measured under air compared to nitrogen but was decreased under oxygen, which also restricted growth. Strain K I I, the more slimy of the two strains produced more slime, as measured viscometrically, when the atmosphere above the agar contained a greater proportion of oxygen up to 50 % 02. Strain ~5 a 1 gave no detectable response to increased oxygen concentration other than decreased growth and nitrogenase activity under high oxygen concentration. Despite the superficial correlation between enhanced slime production and resistance to the potentially damaging effects of oxygen on nitrogenase in air-grown nitrogen-fixing Klebsiella, slime probably contributes only marginally to that resistance.
gave no detectable response to increased oxygen concentration other than decreased growth and nitrogenase activity under high oxygen concentration. Despite the superficial correlation between enhanced slime production and resistance to the potentially damaging effects of oxygen on nitrogenase in air-grown nitrogen-fixing Klebsiella, slime probably contributes only marginally to that resistance.
I N T R O D U C T I O N
There is little direct evidence that slime produced by free-living aerobic and facultative anaerobic diazotrophic micro-organisms plays a beneficial role in their nitrogen-fixing activities. There are, however, a number of often quoted correlations and some circums tantial evidence.
Derxia gummosa, inoculated on a nitrogen-free agar surface, gave two colony types . Only the massive, yellow and gummy colonies that occurred relatively infrequently contained nitrogen-fixing organisms; the thin white colonies did not. The proportion of the massive colonies increased if some combined nitrogen source was included in the medium (Tchan & Jensen, 1963) or if the oxygen tension above the agar was decreased (Hill, I 
I).
Colony dimorphism has also been noted with Klebsiella pneumoniae (Hill, 1975) . Of the colonies growing in air on agar containing 200pg Casamino acids m1-l, only the infrequently occurring, large, yellow colonies were able to reduce acetylene. Possibly the large colonies developed in sparsely inoculated areas of the plates because there sufficient fixed nitrogen could diffuse to the organisms for good growth to occur. The oxygen consumption of the colony then decreased the local oxygen tension sufficiently to permit nitrogen fixation and hence further growth into a massive colony. The importance of a fixed nitrogen source for nitrogen fixation under air is clear from the work of Klucas (1972) . A Klebsiella strain which would not grow in an aerated liquid culture containing no combined nitrogen grew and reduced acetylene if the medium was supplemented with a little yeast extract. Wilcockson & Werner (1976)~ using Klebsiella grown on an agar medium containing 5 mMnitrate, showed that only thin young layers of organisms had their nitrogenase activity inhibited by normal atmospheric oxygen concentration. Nitrogenase activity in thick 'mature' layers of organisms was remarkably resistant to oxygen and, in general, the extent of acid production by a particular strain and the buffering capacity of the medium were more important factors in limiting activity.
The role of respiration in the protection of nitrogenase is probably important (see Dalton & Postgate, 1969; Postgate, 1971; Hill, Drozd & Postgate, 1972) . Theoretically both the rate of oxygen consumption and the severity of the diffusion barrier will determine the concentration of oxygen to which the nitrogenase will be exposed; the question is what is the relative significance of these two factors. Since slime consists almost entirely of water, it is difficult on theoretical grounds to see how it could present a barrier to the diffusion of dissolved gases more severe than a similar thickness of water. The transport of oxygen to sensitive sites within a colony could be modified by the presence of slime through an effect on the solution rate of the gas or even on the convection of liquid containing dissolved oxygen. Both of these possibilities have to be considered although they will be very much more important in liquid cultures especially if agitated.
In the present paper, data are presented which suggest that, despite a clear increase in slime production at increased oxygen concentrations, the contribution which this oxygeninduced increment in slime or the bulk of slime which is present under low oxygen tension makes towards protecting the nitrogenase is very slight.
M E T H O D S
Growth of the organisms and measurement of nitrogenase activity. The strains used in this work were KZebsieZZu pneumoniae ~5 a 1 , an indole producer of the 'oxytocum' group, obtained from Professor J. R.
Postgate, and strain KI I, a typical K. pneumoniae, which now shows some trivial differences from the original isolate of marine origin (called M-4, Werner, Evans & Seidler, 1974) . Both strains were maintained on medium Mnoe (Werner, Wilcockson & Zimmermann, 1975 ) solidified with agar. Organisms for inoculation of experimental vials were taken from an overnight culture grown in IOO ml medium M2oe in a 300 ml Erlenmeyer flask, sealed with a porous plug, at 28 "C on a rotary shaker; 0.05 ml was inoculated on the surface of 2 ml agar medium. This medium was basically M2oe but contained 3 % (w/v) sucrose and 0.125 M-Tris/HCI buffer, pH 8.3; yeast extract was omitted from the medium but the inoculum carried over a small amount from the 2.0 g I-1 present in the liquid Mzoe. The glass vial which contained the medium had a volume of 5-5 ml when sealed with a metal screw-cap for sterilization of the medium by autoclaving. After inoculation, the vials (without caps) were each placed in a wide-mouthed glass bottle (a marmalade jar) closed by a gastight screw-cap drilled with a central hole of about I cm diameter. After flushing with the desired gas mixture for about 30 s the hole was sealed by a tight-fitting rubber stopper with a membrane for the addition or removal of gas by syringe and needle; 30 s was adequate for the flushing operation since acetylene, when present initially, could not be detected by gas chromatography in samples taken from the jar after flushing.
No precautions against contamination of the agar surfaces during flushing were considered necessary since the inoculation by these fast-growing organisms is massive (about I O~ organisms cm-2). In addition, plating out of the organisms of each experiment never showed contamination by an organism exhibiting different colony morphology. The jars with the upright vials inside were incubated at 28 "C for 48 h before 36 ml of the gas was removed (10 % of the total volume) and replaced by 36 ml acetylene. After a further 24 h incubation 0.5 ml samples of the gas were removed with a I ml syringe and the ethylene content was determined by gas chromatography as described by Wilcockson & Werner (1976) . In other 'gas switch' experiments, the gas atmosphere was changed at 48 h for another of a different composition and, after 2 h equilibration, this new atmosphere was made to 10 % acetylene. The jars were incubated for a further 2 h before samples were removed for measurement of the ethylene content. Measurement of protein concentration and culture viscosity. Two ml water was added to each vial, the bacteria were gently scraped from the agar surface under the water and then the vial was vigorously shaken. The suspension was drawn in and out of a syringe fitted with a wide-gauge needle several times before being filtered through a nylon gauze with a pore size of about 10 pm (Perlon Gaze, Vereinigte Seidenwebereien, Krefeld, West Germany) to remove any agar particles. The turbidity of the suspensions pooled from three or five replicate vials was measured in an EEL nephelometer and the total protein content was estimated (Lowry et aZ., 1951) . The approximate viscosity of a suspension was measured by timing its run out of a fine bore 0.1 ml pipette; the times varied for different suspensions from 2-5 to 13 s. The greatest difference between three readings taken on the same suspension was 0.3 s or less. The average of the three readings was converted into an approximate figure for viscosity by comparison with standard sucrose solutions of known viscosity (Iscotables, Instrument Specialities Company, Lincoln, Nebraska, U.S.A., 1967) run out of the same pipette.
RESULTS
Nitrogenase activities of K. pneumoniae ~5 a 1 and K I r were unchanged when the whole of the growth and acetylene-reducing period was under air instead of nitrogen (Table I) . A variation of about 15 to 20 % was found between yields of bacteria recovered from replicate vials; this was probably due to differences in the inocula and in the microclimate which would influence growth. Consequently the difference in nitrogenase activity between the two strains is probably not significant. For unknown reasons the values for acetylene reduction varied between replicate vials from better than k 20 % for air-or nitrogen-grown organisms to & 50 % for growth under oxygen. The variation in protein determinations was similar for suspensions of cells grown on agar under all three gas regimes. Turbidity measurements on resuspended bacterial cultures indicated that growth was greater under air or nitrogen with ~5 a 1 than with K I I , and that there was less growth of both bacterial strains under oxygen.
Suspensions of strain ~5 a 1 , despite showing better growth than KI I (except under oxygen), exhibited a far lower viscosity (Table I) . Suspensions of M5aI grown under air, nitrogen or oxygen were only slightly more viscous than water using the same 'viscometer' even when the organisms were resuspended in a smaller volume. The viscosity of K. pneumoniae K I I was much higher: when grown under air it was more viscous than when grown under nitrogen although neither nephelometer values nor estimates of total protein suggested that there were more bacteria present in the case of air-grown cells. When grown under oxygen it had an intermediate viscosity (Table I) . However, growth under oxygen is clearly less than under the other two gas regimes and the reason for this result is not obvious.
Because there was a greater variation in protein estimations between replicate vials than in replicate measurements on the same suspension, there could be a small but undetected difference in the amount of material present in strain K I I grown under air or under nitrogen and this could, because of the acute concentration dependence of viscosity, account for the different viscosity measurements. When growth, measured by total protein content or by nephelometry, was plotted against the viscosity determinations, suspensions of air-or nitrogen-grown organisms had quite separate distributions of points (Fig. I a, b) . Although considerable variations in the amount of bacterial protein or nephelometer values were obtained and equal or sometimes overlapping viscosity times were recorded, organisms grown under air clearly produced more of some material contributing to the total viscosity of the suspensions than did the nitrogen-grown organisms.
When organisms were grown under atmospheres ranging in composition from roo % N, to 100% 02, the complications caused by the concentration dependence of viscosity became evident ( Table 2 ). The suspension of organisms grown under nitrogen was more viscous than that of bacteria grown under oxygen (7-87 and 7.10 s meniscus fall times respectively). However, the total protein of organisms grown under the oxygen atmosphere was almost half that of those grown anaerobically. All the values for protein content, but not the viscosities, of bacteria grown under atmospheres of nitrogen and oxygen of a range of compositions between the two extremes, were intermediate. Viscosities of solutions of sucrose matching the viscosities of the bacterial suspensions were approximately proportional to the fourth power of the concentration. If a fourth power proportionality of viscosity to bacterial concentration (i.e. protein) is assumed for the suspensions of KI I the values for V(mg protein)-4 are not the same but increase with the oxygen content of the atmosphere up to about 50 % O2 whereafter they remain approximately constant ( Table 2) .
To see if the increase in slime production which occurs when K I I is grown under air instead of nitrogen contributes to the oxygen tolerance of nitrogenase in air-grown organisms, organisms were grown under nitrogen and then switched to air, and nitrogenase activity was assessed after 2 h equilibration. No significant difference was observed in the rate of acetylene reduction compared with that for organisms grown for the whole period under air or nitrogen (Table 3) . The reciprocal experiment, in which air-grown organisms were switched to nitrogen, also did not affect the rate of acetylene reduction. Nitrogengrown organisms which did not have their air-induced increase in slime production, showed no special sensitivity even when switched into an oxygen atmosphere for equilibration and assessment of nitrogenase activity. * Concentration of sucrose solution having a meniscus fall time equivalent to that of the K I I suspension. Table 3 . Efect on Klebsiella pneumoniae KI I of switching air-or nitrogen-grown organisms into another atmosphere for assessment of nitrogenase activity
Organisms were grown in an atmosphere of air or nitrogen for the first 48 h and were then switched to nitrogen, air or oxygen for the last 4 h of incubation (2 h for equilibration and 2 h for acetylene reduction). Gas phase for last 4 h Gas phase for The relatively short time for equilibration (2 h) and measurement of acetylene reduction was chosen in case a 24 h incubation of organisms, switched from a nitrogen atmosphere to air or oxygen, resulted in enhanced slime production thereby complicating the interpretation of the results. The viscosities (Table 3) indicate that switching nitrogen-grown organisms to one of the other gases for 4 h did not increase the viscosity. Similarly, for airgrown bacteria, a switch to a nitrogen atmosphere did not decrease the viscosity.
DISCUSSION
Klebsiellapneumoniae strain K I I, which is more slimy than strain ~5 a 1 even when growing under nitrogen, exhibits an increase in slime production when oxygen is present in the atmosphere above organisms grown on agar. The evidence is strongly against this being due to any slight and unseen difference in the growth of the bacteria under the two regimes. Wilcockson & Werner (1976) showed that the protein content of strain KI I grown under air contributed only about 20 % of the dry weight of these cells whereas this figure could rise to almost 33 % for bacteria grown on the same medium but under nitrogen. In contrast, in strain ~5 a 1 , protein contributes about 75 % of the dry weight in liquid culture (Tubb & Postgate, 1973) . Since 50 to 60 % of the dry weight of this organism growing on agar under air or nitrogen was protein, some of the extracellular slime probably becomes detached and dissolves in the medium in liquid cultures (unpublished results) . No response of this strain to oxygen mqnifesting itself as increased viscosity could be found, despite the high sensitivity of the meniscus fall technique. Since suspensions of strain ~5 a I, which, except underoxygen, always showed more growth than KI I, have meniscus fall times scarcely different from water, any subtle change in morphology of strain K I I grown under the various gas regimes is not likely to account for the greater viscosities of suspensions of this strain. No gross changes in morphology of the organisms from suspensions of air-or nitrogengrown K I I were seen microscopically and no evidence that air-grown K I I was more susceptible to lysis in the resuspending procedure was found.
Slime production may be increased by a nitrogen or phosphate limitation (Duguid & Wilkinson, 1961) . Although the organisms growing on an agar substratum are clearly not homogeneous and certain locations inside the mass might be anaerobic, oxygen-limited or have nutritional limitation, it is unlikely that K I I in this system has generalized nitrogen limitation. Indeed adding even small amounts of ammonium ion to the medium decreases acetylene-reducing activity but leads to only a small 'step up' in growth (Wilcockson & Werner, I 976) which, in liquid-grown K. pneumoniae, is characteristic of repression (Tubb & Postgate, 1973) . The medium contained only I mmphosphate and this could be limiting. However, when the medium was buffered with phosphate buffer instead of TrislHCI, the observed rates of acetylene reduction were only higher if its buffer capacity was higher than 0.1 25 M-Tris/HCI. With 0.075 M-phosphate buffer, pH 8.3, growth and acetylene reduction by K I I were similar to those in 0.125 M-TrislHCl. The buffering potential of these buffer systems is similar (J. Wilcockson & D. Werner, unpublished data). Tris is not readily utilizable by strain K I I as a nitrogen source since only weak growth occurred on the medium containing no nitrate and in an air atmosphere, especially if the organisms from the liquid culture forming the inoculum were thoroughly washed free of yeast extract.
Though it is tempting to interpret the oxygen-induced increase in slime production shown by stiain KI I as an environmental response which permits nitrogenase to be synthesized or function more effectively in air, two points detract from such a conclusion. Firstly, under all conditions tested Klebsiella pneumoniae ~5 a 1 and K I I have very different levels of slime production and yet both suffer no loss of activity in terms of acetylene-reducing activity when grown on agar under air as opposed to nitrogen. Secondly, the nitrogenase of strain K I I grown under nitrogen was not especially sensitive to oxygen and seemed to be no more sensitive to oxygen than the nitrogenase of air-grown organisms which have more slime.
Comparisons of the viscosity of suspensions of organisms grown on agar under a range of 02/N, mixtures [as V (mg protein)-4, see Table 21 are interpreted as supporting a progressive effect of oxygen on slime production. Klebsiella pneumoniae appears to manufacture more slime relative to protein when grown on agar surfaces under atmospheres containing increasing proportions of oxygen up to about 50 % 0, after which it remains approximately cons tan t .
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